The Role of Nerve Signaling in Limb Genesis and Agenesis During Axolotl Limb Regeneration
By Akira Satoh, PhD, Michelle A. James, MD, and David M. Gardiner, PhD V ertebrate appendages such as limbs and fins share evolutionarily conserved mechanisms for development and regeneration, implying that they evolved from an appendage that arose on a common ancestor 1 . This conservation of developmental mechanisms is one of the fundamental discoveries of molecular genetics and is the basis for our emerging understanding of the evolution of animal genomes. The molecules involved in the signaling pathways that regulate limb development are not only conserved at the level of nucleotides and/or amino acids but also at the functional level, so that experimentally substituting homologous genes between species as divergent as humans and Drosophila can rescue the function of a mutant gene 2 . The fact that this remarkable degree of conservation has been maintained over the course of evolution implies that the mechanisms for appendage development have evolved once. Similarly, the mechanisms regulating limb regeneration are largely the same as those regulating limb development 3, 4 , and thus evolution appears to have selected for a conserved set of signaling pathways that regulate both vertebrate limb development and regeneration.
There are three important conclusions that can be drawn on the basis of the conservation of developmental and regenerative mechanisms among tetrapods (the group of vertebrates with four feet or legs or similar appendages, including amphibians, reptiles, birds, and mammals). The first is that, since development and regeneration to a large degree utilize the same mechanisms 3, 4 , it follows that humans therefore possess the genetic pathways (genes) that will be required for regenerating a limb because these are the same genes that were used when human adults were embryos 5 . After a blastema has formed ( Fig. 1 ), it appears to be equivalent to a developing limb bud in the embryo, both at the molecular and functional levels. In fact, once a blastema has formed, it can be grafted ectopically to a non-limb host site and it will develop autonomously into a limb [6] [7] [8] . Therefore, the challenge that we face in stimulating regeneration lies in discovering how to induce formation of an appropriately organized blastema from the tissues of the amputated stump. Once that has been accomplished, studies in salamanders indicate that a new limb will form without further intervention. The second conclusion that can be drawn is that we can take advantage of nonmammalian (nonhuman) tetrapod model organisms that can regenerate lost limbs (i.e., salamanders) to discover the shared, conserved mechanisms for doing this. Finally, the third conclusion that can be drawn is that if we can selectively and specifically inhibit a regenerative response in a salamander such that it responds to injury in the way that a human does, then we can target those specific signaling pathways in the salamander so as to induce a regenerative response. By doing this, we can create an experimental model for regenerative failure that is characteristic of most adult tetrapods (including humans), and then identify the specific barriers to regeneration and test for signals that can overcome those barriers. Given that the mechanisms for development and regeneration are conserved, it is likely that these barriers are also highly conserved among tetrapods, and we thus will be able to identify therapeutic targets for inducing a regenerative response in humans. In this review, we focus attention on a new assay for limb regeneration that has identified signals from nerves that function during the early stages of regeneration to induce the formation of a blastema and, at the same time, to inhibit dermal fibroblast differentiation that leads to fibrosis.
The History of Research on the Nerve-Dependency of Limb Regeneration T he phenomenon of limb regeneration in urodele amphibians (salamanders and newts) has attracted the attention of scientists for decades (Fig. 1) . It was recognized early on that nerves are required for regeneration, and among the factors that regulate limb regeneration, none has received as much attention as the requirement for the nerve. Many of the definitive studies of the phenomenon of nerve dependency came from the laboratories of Marcus Singer and Roy Tassava during the middle to late part of the twentieth century ), beginning with amputation (Amp) and ending with the restoration of the missing distal structures over a time period that ranges from as short as one month in relatively small animals (5 cm in length, from snout to tail tip) to several months in larger animals (>20 cm). B: During the first few days after amputation, the cells of the stump lose their differentiated phenotype and begin to reexpress genes that regulated limb development in the embryo (DD = dedifferentiation). At that point, cells from the peripheral connective tissues (fibroblasts; illustrated in red) begin to migrate beneath the wound epithelium toward the center of the amputation surface 44 .
Prior to the onset of cell migration, there is no increase in cell proliferation; however, as the migrating cells begin to accumulate distally, proliferation increases and the blastema (an accumulation of undifferentiated, proliferating mesenchymal cells covered by the thickened apical epithelial cap) forms and increases in size (EB = early bud blastema; MB = medium bud blastema; LB = late bud blastema). C: On the average, nearly half of the cells in a medium-to-late bud blastema are derived from dermal fibroblasts (as indicated by the red cells in B) 19 . As the blastema continues to grow, it flattens in the dorsal-ventral axis to form the palette stage (Pal), after which the four digits are reformed (ED = early digits; LD = late digits). Beginning around the medium bud stage, redifferentiation of the limb tissues begins proximally, and progresses distally, with the digits being the last to form. threshold phenomenon: above a critical quantitative density of nerves, regeneration is supported; however, below that threshold, regeneration fails. The second discovery was that although nerve signaling is associated with a viable nerve rather than with associated Schwann cells, it is not specific to motor or sensory nerves; both will support regeneration. In addition, grafted dorsal root ganglia will support a regenerative response in vivo 10, 11 and will induce fibroblast dedifferentiation and ectopic formation of a blastema when grafted to lateral wounds on axolotl arms (unpublished observations). As is evident from our discussion of the accessory limb model below, nerve signaling has specific cellular and molecular targets and is multifunctional at multiple steps during limb regeneration.
Despite much effort that has identified an array of candidate nerve signaling factors for limb regeneration 12 , the understanding of the mechanisms of nerve function (in terms of how any particular candidate molecule and associated signaling pathway are regulated in time and space) is limited. This failure is due in large part to the experimental design of the assays for nerve signaling. Historically, the strategy was to test factors (including the ectopic expression of the transgene for a candidate molecule) for the ability to rescue the regeneration of denervated and amputated newt or axolotl limbs. Since we do not know how an amputated limb with a nerve normally regenerates, we cannot evaluate the targets and downstream consequences of denervation of that limb and therefore cannot draw any conclusions regarding the mechanism of regeneration in a limb that does not regenerate. Consequently, a negative response to a tested factor (failure to regenerate) does not indicate whether or not that factor functions endogenously in an innervated limb. This is the same challenge faced when assaying for a regenerative response in an animal, such as a mammal, that does not normally regenerate its limb. If the factor being tested does not induce regeneration, we cannot draw conclusions regarding its importance because additional factors may be required, but are not present, to allow for a positive response.
Despite the inherent limitation of this experimental paradigm, some denervation experiments have succeeded in demonstrating a limited degree of rescue of regeneration. Fibroblast growth factor 2 (FGF2), which is present in nerves, rescues expression of the transcription factor Dlx3, which is associated with distal outgrowth and allows for regeneration to continue in denervated limbs 13 . Although FGF2 can rescue regeneration of limbs that are denervated after a blastema has already formed, it is unable to do this in limbs that are denervated at the earlier stages of dedifferentiation and blastemal formation 13 . Therefore, an FGF-Dlx-mediated pathway presumably is required for maintenance of blastemal growth but is not sufficient to induce the initiation events of regeneration. More recently, it was reported that ectopic expression of nAG (newt ortholog of the anterior-gradient gene) also can rescue regeneration of an amputated, denervated limb 14 . During regeneration of a normal (innervated) limb, nAG is expressed by Schwann cells associated with the end of the amputated nerve, and when the nerves entering the limb are severed proximally so as to denervate the limb, nAG is not expressed when the limb is amputated. If the severed nerves are allowed to regenerate and reinnervate the limb for several days, regeneration is not reinitiated. However, if the nAG transgene is then electroporated (a technique to make the cell membrane permeable to expression plasmids, which enter the cytoplasm and experimentally express a transgene) after reinnervation, regeneration is induced 14 . Although nAG appears to function at later time points after amputation and reinnervation, it is unclear if it can induce a regenerative response earlier in limbs that are denervated and not reinnervated. Therefore, it is unclear if nAG can substitute for the nerve signal.
The Accessory Limb Model
T he accessory limb model addresses the challenge of developing an appropriate assay for early signaling events that induce and regulate limb regeneration. It was observed in the middle of the twentieth century that, under some circumstances, it is possible to induce a wound on the side of the forelimb of a salamander to form an accessory (ectopic) limb. By refining the experimental procedure, it was possible to regulate this experimentally induced regenerative response to reproducibly induce dedifferentiation, formation of a blastema, and de novo limb formation from these simple wounds (Fig. 2) 15 . In this model, a skin wound normally heals and regenerates the skin but does not form an ectopic limb. However, if the brachial nerve is surgically deviated to the site of the wound, the surrounding connective tissue fibroblasts are induced to dedifferentiate and form an ectopic blastema (Figs. 2, A and B) 15, 16 . Therefore, the combination of wounding and nerve-associated signals is necessary and sufficient to induce the formation of a blastema. Because the nerve is cut during the surgical procedure to redirect it to the wound site, it is possible that the nerve signals are not a property of the uninjured nerve, and that they are induced by injury leading to nerve regeneration. Although nerve signals can induce the formation of a blastema, additional signals are required to induce de novo limb formation, and the nerve-induced blastema eventually regresses (Fig. 2, C) . However, if, in addition to the deviated nerve, a piece of skin from the opposite side of the limb is grafted to the wound site ( Fig. 2, D; posterior to anterior or vice versa), an ectopic blastema is induced by nerve signaling and the interaction between anterior and posterior blastemal cells leads to outgrowth and formation of a normally patterned accessory limb (Figs. 2, E, F, and G) .
The ability of posterior dermal fibroblasts to induce an ectopic blastema to form a new limb is predicted by the polar coordinate model 17, 18 . Connective-tissue fibroblasts are the progenitors of most of the blastemal cells during the early stages of both ectopic blastemas 15 and amputation-induced blastemas 19 . These fibroblast-derived blastemal cells have a positional memory that they acquired from the position within the limb (anterior-posterior, dorsal-ventral, and proximal-distal) of their progenitor cells 3, 20 . When cells with different positional values interact within the blastema, growth is stimulated, and the daughter cells assume new positional identities that are intermediate between those of the parental cells 17, 18 . Growth and the The accessory limb model and the formation of ectopic blastemas. When a full-thickness piece of limb skin (epidermis plus dermis) is removed from the forelimb of an axolotl, the epithelium covers the wound quickly (within four to six hours) and, over the next two weeks, the skin reforms without making a scar (not illustrated). In contrast, when the brachial nerve is surgically deviated to the lateral wound (A), an ectopic blastema is formed from the connective tissue fibroblasts surrounding the margin of the wound (B). This blastema grows for about a week, after which it begins to regress (C) and eventually disappear. If, in addition to the deviated nerve, a graft of skin (D, red square) from the posterior wound is grafted to the anterior wound, dermal cells from the graft contribute to the ectopic blastema, interact with cells derived from the anterior dermis, and induce de novo limb formation (E, F, and G). The axolotl depicted here (G) has two left forelimbs. Axolotls are neotenous (develop and become sexually mature but do not complete metamorphosis), and thus remain aquatic and retain external gills (red frilly structures projecting from the head). (Scale bars = 0.5 mm.) (Fig. 1, A through F 
by replacing the posterior half of one limb with the anterior half of the contralateral limb) are unable to regenerate 4 . Therefore, the key to understanding the regulation of regeneration (growth and pattern formation) lies in understanding the behavior and interactions of blastemal cells derived from fibroblasts with different positional information.
The power of the accessory limb model is that it is a positive assay for signals that induce and regulate limb regeneration, in contrast to assays based on attempts to rescue denervated-amputated limbs. When there is only a wound without additional signals provided by a deviated nerve, the wound simply heals. However, when signals from nerves are provided, the dermal fibroblasts at the wound site are induced to dedifferentiate and form a blastema. Finally, when additional signaling is provided by the interactions between anterior and posterior cells, the blastema progresses to the next step in the regeneration cascade and forms a new limb. These steps and the signals that regulate them in the accessory limb model are the same as those that occur in an amputated limb 16 . The difference is that the accessory limb model eliminates the extraneous events associated with the trauma of limb amputation that are not involved in the necessary and sufficient events for regeneration. In contrast to limb amputations that always regenerate in the axolotl, the accessory limb model is a model for the injury response that is characteristic of most tetrapods (including humans), which is wound-healing without the formation of a blastema and regeneration of the limb. In adult tetrapods other than salamanders, we do not know if it is even possible to initiate and sustain a regenerative response. In contrast, with the axolotl we do know that it has the ability to regenerate if and when the appropriate signals are provided; that is, we can discover how to treat a wound that does not regenerate so as to make it a wound that does regenerate. We therefore can identify the signals and their downstream target pathways that would be therapeutic targets for inducing a comparable, axolotl-like response in humans.
Perhaps the most important contribution of the accessory limb model is that it focuses our attention on the early steps in regeneration (Fig. 3) . The earliest responses to nerve signals that activate the limb regeneration pathway occur within the first twenty-four hours after injury 21 . We consider it noteworthy that the wound epithelium, which is the target of the nerve signals, has already formed by this time. The rapid reepithelialization of axolotl wounds is in striking contrast to the timing of wound closure in mammalian wounds, which is not complete for a couple more days (Fig. 3) . Thus, the accessory limb model allows us to identify and manipulate these early critical steps one at a time, and to discover which of these steps fails to occur in mammals (including humans). These steps are potential targets for therapies to induce human limb regeneration and coordinately inhibit scar formation.
The Wound Epithelium Is an Early Target of Nerve Signals
N erve signals begin to induce connective tissue fibroblasts to dedifferentiate to form blastemal cells within the first several hours after injury. This signaling that ultimately targets fibroblasts is indirect, and the initial direct target of these signals is the newly healed epithelium that rapidly covers the wound 21 . This is not surprising, since any treatment that inhibits formation of this specialized epithelium yields the same phenotype as denervation: regenerative failure 9, 22 . There is extensive evidence that the early wound epithelium is induced to form a specialized apical epithelium (the apical epithelial cap), which is required for formation of the blastema and outgrowth of the limb 9, 23 . The apical epithelial cap is equivalent at both the molecular and functional levels to the apical ectodermal ridge of developing limb buds of vertebrate embryos and is required for limb regeneration in a manner that is similar to the way in which the apical ectodermal ridge is required for limb development.
The basal keratinocytes of the wound epithelium are the target cells of the nerve signals. The wound epithelium that forms to cover a wound in the axolotl is distinctly different from what is observed in mammals after a wound. Reepithelialization in salamanders is very rapid and involves the delamination and migration of an intact sheet of the basal keratinocytes to close the wound 24, 25 . After a delay of a few hours, this epithelial sheet begins to migrate and can close a 2-mm wound within four to six hours 26 , in contrast to the several days that it takes a mammalian wound of comparable size to reepithelialize. Within hours after the layer of basal keratinocytes has formed, these cells begin to express the transcription factor Sp9 in response to signals from a deviated nerve 21 . Sp9 is expressed during limb development in the apical ectodermal ridge of limb buds and is required for the outgrowthpermissive function of the apical epithelium.
The induced reexpression of an embryonic gene (e.g., Sp9) during regeneration is important because it is evidence that the keratinocytes in the wound epithelium have been induced to dedifferentiate. The concept of dedifferentiation as a mechanism to produce the regeneration-competent cells of the blastema has historically been a dominant theme of limb-regeneration biology. Although the specific mechanisms underlying dedifferentiation are not well understood, it is defined operationally as the process whereby cells in the adult reexpress embryonic genes that allow them to acquire the developmental potential of embryonic cells 27, 28 . Since Sp9 is a marker for the apical cap of embryonic limb buds, it is by definition a marker for the dedifferentiation of keratinocytes of the mature skin epidermis 21 . We therefore conclude that nerve signals induce adult-limb skin basal keratinocytes to dedifferentiate and give rise to the specialized wound epithelium that is required for limb regeneration.
An important aspect of the nerve-dependent Sp9 regulation of wound epithelium formation is that it occurs very early in the regeneration cascade, within the first twenty-four hours in the axolotl 21 . Although nerves may also be involved in later stages of regeneration, such as in nerve-dependent nAG signaling by Schwann cells that are associated with the nerves 14 , it appears that the ability of the system to initially access the regeneration genetic program is dependent on signaling from the nerves themselves within the first twenty-four hours after 94 injury. The implication of this finding is that either therapies to induce a regenerative response in humans will need to be provided within hours of the initial injury, or the wound site will need to be reinjured.
Nerve Signals Coordinately Regulate the Regeneration Pathway and the Wound-Healing and Fibrosis Pathway
A t the same time that nerve-signaling induces keratinocyte dedifferentiation and formation of the wound epithelium, it negatively regulates the pathway leading to fibrosis and regeneration of the dermis 29 . In the absence of these nerve signals (as in a wound without a deviated nerve), and thus in the absence of Sp9 expression in the wound epithelium, cells derived from dermal fibroblasts begin to proliferate, express the embryonic gene Twist, and regenerate the missing dermis 29 .
The process of dermis formation during limb development is regulated by members of the Twist family of transcription factors. Twist genes are basic helix-loop-helix (bHLH) transcription factors, which, like other bHLH transcription factors, are important regulatory proteins for tissue determination and differentiation. The transcription factor twist-2 (dermo-1) is initially expressed in the subectodermal mesenchyme and mediates the epithelial-mesenchymal interactions leading to development of the skin (epidermis and dermis) and the skin appendages [30] [31] [32] . Twist is a downstream target of bone morphogenetic protein-2 (BMP-2) signaling, and ectopic expression of either Bmp-2 or twist-2 leads to proliferation and condensation of targeted mesenchymal cells and ectopic skin appendage formation 32, 33 . In the axolotl, it appears that reexpression of Twist is an intrinsic response to injury in the absence of signaling from a deviated nerve, which leads to dermis regeneration instead of limb formation.
As in the development of the dermis in other vertebrates, regeneration of the dermis during axolotl limb regeneration is associated with the induction of Twist expression. Axolotl Twist expression is negatively regulated in the regenerating limb blastema in the apical region that underlies the wound epithelium and apical epithelial cap. Since the entire amputation plane is initially covered by the nerve-induced wound epithelium, Twist expression is inhibited in the stump. As the blastema begins to grow, the apical zone is displaced progressively distally, and the more proximal and peripheral regions of the wound and blastema are no longer under the influence of the wound epithelium. In the absence of nerveinduced signaling from the wound epithelium, Twist expression is no longer inhibited and is expressed in association with the regenerating dermal connective tissue 29 . Therefore, the nerve induces and maintains the population of undifferentiated, proliferating blastemal cells that are required for regeneration (Fig. 4) by inducing keratinocyte and fibroblast dedifferentiation in order to generate the blastema, while at the same time inhibiting redifferentiation of blastemal cells to become fibroblasts.
As in other vertebrates, the tissue repair pathway leading to regeneration of the dermis in axolotl limbs appears to be positively regulated by BMP signaling 29 . Although the mechanism by which the nerve inhibits the BMP-mediated tissue repair response is not yet known, it is possible that the same or related signals that induce dedifferentiation (FGF signaling) also interact antagonistically with BMP signaling, as occurs in the regulation of limb-bud growth during embryonic development 34 . Alternatively, there may be additional nerve-associated signaling networks that negatively regulate the activity of BMP signaling during dermis regeneration.
Implications for Therapies to Treat Transverse Deficiencies
A lthough people with transverse deficiencies report nearnormal quality of life and function 35 , they still want two hands, and currently available options for achieving this goal are inadequate. Prosthetic technology provides limited functional benefit 35, 36 , although recent developments are encouraging 37 . However, the most advanced technology is not available to children 38 , and no prosthesis truly restores the missing part. The first hand transplantation was performed more than ten years ago; however, the procedure remains controversial because of the risk-to-benefit ratio [39] [40] [41] and is contraindicated in children for many reasons, including the risk of immunosuppression. This void in treatment options could potentially be filled by limb regeneration.
Regeneration of a missing human limb is a long-term lofty goal, however, and many obstacles must be overcome before that goal can be reached. An early, attainable step toward that goal is the acquisition of the ability to control and manipulate the early events of regeneration, which lead to formation of wound epithelium, fibroblast dedifferentiation, and formation of a blastema. Endogenous tissue cells that could be induced to dedifferentiate, or cells from other sources that are developmentally pluripotent (e.g., induced pluripotent stem cells), could then be grafted into the regenerationpermissive environment created by these signaling events. This would create exciting therapeutic opportunities, as the grafted regeneration-competent cells would likely respond in this niche and at least partially reform missing limb elements.
Induction of a partial regenerative response could lengthen the terminal limb segment, thus enhancing the effectiveness of the affected limb as an assistant to a normal limb and/or improving prosthetic fit. Other methods of lengthening the stump are arduous and fraught with complications, and have not proven to be consistently effective 42 . Lengthening of the limb segment through induction of an endogenous regenerative response would eliminate the need for surgery and external fixation and could potentially improve function and quality of life.
Conclusions
M any orthopaedic problems do not readily yield to pharmaceutical and medical therapy. Regenerative therapy, in which the body's own endogenous regenerative capabilities are induced and enhanced, holds promise for the treatment of some recalcitrant orthopaedic conditions. Breakthroughs in the regulation of the regenerative potential of cells and tissues are becoming commonplace. The conservation of molecular signaling pathways allows us to make use of the axolotl to gain valuable information about how to make regeneration work in humans, and integrating these discoveries with techniques in biomedical engineering will create novel therapies and devices for repair of the human body. n
